cDNA clones encoding squalene synthases were isolated from rice, maize and soybeans. A phylogenetic tree showed that the enzymes of monocots and dicots form distinct subgroups. In rice, squalene synthase mRNA was detected in tissues containing dividing cells and its level was repressed by illumination.
Squalene synthase (EC 2.5.1.21) condenses two molecules of farnesyl diphosphate (FPP) into squalene, a precursor of sterols and triterpenoids. For the first time from plants, we cloned an Arabidopsis cDNA and characterized the recombinant enzyme by means of prokaryotic expression . Subsequently, cDNAs for plant squalene synthase were isolated from tobacco (Hanley et al. 1996) and licorice (Hayashi et al. 1996) . All of the above plants are dicots. In the present study, we extended the materials to monocotyledonous plants. We report that the structures of monocot enzymes are similar to, but slightly different from, those of dicot enzymes. We also describe repression of the mRNA level of rice squalene synthase on illumination.
Ougo(dT)-primed AgtlO libraries were constructed from poly(A) + RNAs of roots of Oryza sativa cv. Nipponbare, the above-ground portion of Zea mays strain H84, and root nodules of Glycine max cv. Akisengoku using cDNA synthesis kits (Pharmacia or Amersham). They were screened with a 32 P-labeled cDNA fragment of pATSS-4 under low stringency conditions as described . From 8 x 10 3 plaques of each Abbreviation: FPP, farnesyl diphosphate. S.H. and K.S. contributed equally to this work. The nucleotide sequences reported in this paper have been submitted to the DDBJ, GSDB, EMBL and NCBI with the accession numbers, AB007501 (OsSS-D), AB007502 (ZmSS-4), and AB007503 (GmSS-7).
library, 6-10 positive clones were isolated. In the case of rice and maize clones, the longest cDNA fragment of each group was subcloned into the Notl site of pBluescript IIKS (-). The longest cDNA of the soybean positive clones was inserted into the £coRI site of pBluescript II SK ( -) . The nucleotide sequences were determined for both strands using an ABI Prism Dye Terminator Cycle Sequencing Kit and a DNA Sequencing System 373A (Perkin Elmer), after the generation of a series of deleted plasmids with an Erase-a-Base kit (Promega).
The rice cDNA, designated as OsSS-D, was 1,875 bp in length and had an open reading frame for 403 amino acids. The maize clone, designated as ZmSS-4, was 1,911 bp in size and had an open reading frame for a 401 amino acid polypeptide. Each clone had an in-frame stop codon upstream of the putative initiation codon. The soybean cDNA, designated as GmSS-7, was 1,612 bp in size and had a coding region for a 413 amino acid polypeptide. Although no in-frame stop codon was found in the 5' portion of this cDNA, we assume that it contains the entire coding sequence based on the similarity among dicot squalene synthases (see below). Fig. 1 shows alignment of the amino acid sequences of the newly obtained squalene synthases and that of the previously characterized Arabidopsis enzyme. The four plant enzymes are more than 59% identical overall the polypeptides. The monocot enzymes are smaller than the dicot enzymes by about 10 amino acids; the maize squalene synthase is the smallest among the enzymes of various species, from yeast to man (Jiang et al. 1993 , Robinson et al. 1993 . Three highly conserved segments, which may be involved in the catalytic site (McKenzie et al. 1992 , are conserved in plant enzymes. In addition, both the predicted casein kinase II phosphorylation site and the potential PEST sequence (Rogers et al. 1986 ) around the phosphorylation site, which were first pointed out by Hanley et al. (1996) , are highly conserved in plant enzymes. Whether or not the sequence contributes to the rapid turnover of plant squalene synthase remains to be determined. Fig. 2 shows a phylogenetic tree for the 14 squalene synthase polypeptides characterized so far. The enzymes of Nei (1987) was used to calculate the relative lengths of the branches using Genetyx-Mac software (Software Development). The database accession numbers of the squalene synthase genes are shown on the right. plants, mammals and budding yeasts form three distinct groups, whereas those of fission yeast and protozoan do not belong to any of three groups. Notably, the monocot and dicot enzymes form distinct subgroups, suggesting that their genes evolved independently after the divergence of monocots and dicots. It has been generally believed that a single form of squalene synthase is present in a species, because there is a single copy of both the yeast and human genes for the enzyme (Robinson et al. 1993 ). The rice genome also seems to contain a single gene (Fig. 3) . Very recently, however, cDNA for a second form of squalene synthase was isolated from licorice, Glycyrrhiza glabra (Hayashi et al. 1996) . It remains to be determined how many plants have two or more genes for the enzyme.
Next, we examined the expression of the rice gene. Total RNAs or poly(A) + RNAs of rice were separated in a denaturing agarose gel, transferred to a nylon membrane, Fig. 3 Genomic Southern blot analysis. Rice genomic DNA (10 Mg lane"') was digested with Xbal (X), Hindlll (H), or EcoRl (E), fractionated in a 0.7% agarose gel, transferred to a nylon membrane, and then probed with an EcoKl-Notl fragment of OsSS-D (1.3 kb in size). After hybridization, the membrane was washed under high stringency conditions as described previously (Sanmiya et al. 1997) . A X-Hindlll digest served as molecular markers. + RNAs (2/ig lane"') were analyzed. Lane 1, control without treatment; lane 2, seedlings were sprayed with 100/iM abscisic acid and then left to stand for 3 h; and lane 3, seedlings were pulled out of the medium and air-dried on paper towels for 3 h. Panel C. Effect of light on the mRNA level in the above-ground portion of 13-d-old etiolated seedlings. Poly(A) + RNAs (2/iglane"') were analyzed. Lane 1, control without exposure to light; lanes 2 and 3, seedlings were exposed to red light and blue light, respectively, for 5 min as described previously (Sanmiya et al. 1997) , and then allowed to stand for 3 h in the dark. Panel D. Confirmation of the light repression of the squalene synthase gene. The nylon membrane, which had been blotted with 10 tig lane" 1 of total RNA from the above-ground portion of 12-d-old etiolated seedlings and hybridized once with the cDNA for FPP synthase as a probe (Sanmiya et al. 1997) , was re-probed with the cDNA for squalene synthase as a probe. Lane 1, control without exposure to light; lanes 2, 3, and 4, seedlings were exposed to red light for 5 min, 30 min, and 3 h, respectively; lanes 5, 6, and 7, seedlings were exposed to blue light for 5 min, 30 min, and 3 h, respectively. RNA was extracted 3 h after the start of the illumination. \ and then probed with the 32 P-labeled cDNA for rice squalene synthase, OsSS-D. Radioactivity was detected and quantified with a Bio-imaging analyzer (Fuji). When the ubiquitin gene was detected as a loading control, the abundance of squalene synthase mRNA was divided by that of ubiquitin mRNA. The mRNAs for squalene synthases in monocots, 1.9 kb in size, are longer than those in dicots, 1.6 kb in size (Fig. 4) . As shown in Fig. 4A , a significant mRNA level was detected in shoots and root tips, which contain dividing cells. The transcript level of the above-ground portion of light-grown seedlings increased to 147% and 166% of the control level on treatment with abscisic acid and dessication, respectively (Fig. 4B) .
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Farnesyl diphosphate synthase produces the common intermediate of isoprenoid biosynthesis, FPP, and squalene synthase catalyzes the next reaction, i.e. the initial metabolism of FPP to sterols and triterpenoids. The transcript of the rice FPP synthase gene markedly increased on illumination with blue light (Sanmiya et al. 1997) . Thus, it seemed of interest to investigate the light response of squalene synthase gene expression. Etiolated rice seedlings were exposed to red light (15 /umol m~2 s~') and blue light (10^molm~2s~'), which were obtained by passing light from red (FL20S R-F, Matsushita) and blue (FL20S B-F, Matsushita) fluorescent lamps through red (Acrylite #102, Mitsubishi Reiyon) and blue (Colorpet filter #63, RDS) filters, respectively. As shown in Fig. 4C , the mRNA level in etiolated rice seedlings decreased to 53% and 71% of the control level on 5-min illumination with red light and blue light, respectively. Since this is in contrast to the previous observation (FPP synthase transcript increased to 120% and 148% with red-and blue-light illumination, respectively), we confirmed the difference between the expression of the FPP synthase and squalene synthase genes by reprobing the nylon membrane, which was used for the hybridization with the FPP synthase probe in our previous experiment (Sanmiya et al. 1997) , with the squalene synthase probe (Fig. 4D) . Both red and blue light lowered the level of mRNA for squalene synthase.
We have found concerted and opposite gene regulation of FPP synthase and squalene synthase by light. There may be more than one controlling step in the pathway of sterol synthesis, including squalene synthase as the branch point enzyme. On the other hand, the following findings suggest that neither FPP synthase nor squalene synthase is the rate-limiting enzyme for the biosynthesis of plant sterols: (i) alfalfa seedlings and tobacco suspension cells supplied with mevalonic acid, a key precursor of FPP and squalene, accumulated greater amounts of sterols (Hata et al. 1987a, b) ; and (ii) recombinant tobacco plants that overexpressed 3-hydroxy-3-methylglutaryl-CoA reductase overproduced sterols (Schaller et al. 1995) . If this is the case, changes in the transcript levels of the two enzymes will not affect sterol synthesis. In addition, it should be kept in mind that mRNA levels do not necessarily reflect enzyme levels. The physiological importance of the variation in the mRNA levels of FPP synthase and squalene synthase detected in our studies remains to be elucidated in the future.
